observed in previous studies, the magnitude of response varies tremendously from study to study, and we have only a limited understanding of the processes underlying this variation.
Most of the world's natural vegetation is dominated by longlived perennial plants (Grime, 1977) , and so we expect vegetation responses to environmental change to occur slowly relative to the time span of a few years (or less) typical of ecological studies (Tilman, 1989) . A key strategy used to assess longer term temporal changes in plant communities is the resurvey of plots initially surveyed decades ago, often referred to as "legacy" studies (Chytrý, Tichý, Hennekens, & Schaminée, 2014; Hédl, Bernhardt-Römermann, Grytnes, Jurasinski, & Ewald, 2017; Perring et al., 2017; Vellend, Brown, Kharouba, McCune, & Myers-Smith, 2013 ). An important limitation of such studies is their constrained ability to test the ecological mechanisms underlying temporal community change. Indeed, most legacy studies pertain to a single site or region, meaning a set of plots within an area sharing a similar climate and history, in which case community change might be caused by many local changes, such as ongoing land use (Hermy & Verheyen, 2007; Kampichler, van Turnhout, Devictor, & van der Jeugd, 2012; Newbold et al., 2015) , historical management legacies (Becker, Spanka, Schröder, & Leuschner, 2016; Perring et al., 2017; Vanhellemont, Baeten, & Verheyen, 2014) , nitrogen deposition (Becker-Scarpitta, Bardat, Lalanne, & Vellend, 2017) , or grazing (Frerker, Sabo, & Waller, 2014; Vild et al., 2016) .
Causes of community change at a single site are often assessed by comparing observed changes in community composition across space or time with predictions based on drivers of interest, such as climate warming. For instance, as predicted by the climate warming hypotheses, many species have experienced a shift in distribution toward higher elevations Pauli et al., 2012; Sproull, Quigley, Sher, & González, 2015; Stockli, Wipf, Nilsson, & Rixen, 2012) or latitudes (Boisvert-Marsh, Périé, & Blois, 2014; Hickling, Roy, Hill, Fox, & Thomas, 2006; Parmesan et al., 1999 but see VanDerWal et al., 2012 . Given that plant species richness tends to be greater in warmer areas, a local-scale increase in richness is also predicted due to warming, at least in the absence of severe moisture stress . Finally, if each species is first characterized by its geographic affinity with different temperature conditions (using a "Species Temperature Index" [STI] ), then the average affinity across species in a local community (the "Community Temperature Index" [CTI] ) is predicted to increase in response to warming (Devictor, Julliard, Couvet, & Jiguet, 2008; Devictor et al. 2012 ). Although there have been considerable advances in testing these predictions in single-site studies (local scale), explicit tests of predictions comparing multiple sites (regional scale) are needed to improve our knowledge and ability to predict biodiversity responses to climate changes (Gaüzère, Jiguet, & Devictor, 2015; Verheyen et al., 2017) .
Here, we report analyses of changes in forest plant communities over four decades at three sites strategically chosen to be in areas covering a range of recent climate warming trends in eastern North America (Québec, Canada) . To assess temporal changes, we have revisited sites where botanical legacy data were collected in the 1970s, during the time that many provincial parks were being planned and established in Québec. Plots were widely distributed throughout each park and were typically placed in mature forest The province of Québec (Canada) spans >1,000 km east-west, over which there is a marked gradient of warming over the past ~60 years (see Appendix S1 and Yagouti, Boulet, Vincent, Vescovi, & Mekis, 2008) . At the tip of the Gaspé Peninsula, the location of our most easterly site, Forillon National Park (Figure 1 ), warming has been least pronounced, likely due to the climatic buffering effect of the Atlantic Ocean (see Appendix S1). In contrast, Gatineau Park in continental western Québec has experienced marked warming, with Mont-Mégantic Provincial Park in between both geographically and in terms of the magnitude of warming (Figure 1 and S1, Yagouti et al., 2008) . To the best of our knowledge, very few studies have used legacy data to specifically test for contrasting vegetation responses in sites with variable warming trends but otherwise similar ecological conditions and history (but see Steinbauer et al., 2018 and Menzel et al., 2006) .
Our core hypothesis is that areas with greater warming will have experienced stronger vegetation changes than areas with less warming (Chen, Hill, Ohlemuller, Roy, & Thomas, 2011; Wang, Wen, Farnon Ellwood, Miller, & Chu, 2017) . We take advantage of this unique combination of original studies along a warming gradient to perform a regional-scale analysis of temporal change in forest plant communities. Results for Mont-Mégantic, including significant upward elevational distribution shifts and increased local species richness, were reported in a previous paper (Savage & Vellend, 2015) , to which we here add data for Gatineau Park (stronger warming trend) and Forillon Park (weaker warming trend). We tested the following specific predictions: (a) The magnitude of upward shifts in elevational distributions is stronger at Mont-Mégantic (already observed) than at Forillon Park (tested in this paper). (Elevational variation in Gatineau Park is minimal-insufficient to test for temporal shifts in species distributions.) The magnitude of (b) the temporal change in species richness, (c) the temporal change in community composition (R 2 from the "time" effect in a multivariate analysis), and (d) the magnitude of temporal increase in the CTI vary in magnitude among parks as follows: Forillon (the least warming) <Mont-Mégantic (moderate warming) <Gatineau (the strongest warming trend).
| MATERIAL S AND ME THODS

| Study region and sites
We studied vegetation change in three north-temperate forest Forillon National Park, located at the eastern extremity of the 
| Dataset
All original vegetation surveys were conducted using phytosociological methods (Chartrand, 1976; Majcen, 1981; Marcotte & Grandtner, 1974) . In fixed-area square plots (see below), authors made a full list of vascular plant species in different strata (i.e., canopy trees, shrubs, herbs) with abundance coefficients per species assigned following the scale of Braun-Blanquet, Roussine, and Nègre (1952) . In our analyses, we pooled shrubs and herbs into a single "understory" stratum and given the limited representation of the tree community in smaller plots (90 m 2 , see below), we focused all analyses on the understory data. For analyses, Braun-Blanquet classes were converted to a percentage value representing the midpoint of a given abundance class.
None of the original survey plots were permanently marked, but for all three parks plot coordinates were reported in maps and/or tables. As such, plots are considered "semi-permanent", which introduces the possibility of pseudo-turnover due to relocation uncertainty Kapfer et al., 2017; Stockli et al., 2012; . However, previous studies have shown that conclusions are robust to uncertainty in plot relocation, which adds statistical noise but not systematic bias (Kopecký & Macek, 2015) . In our study, original surveyors tended to sample mature forest stands where spatial heterogeneity was relatively low, thus reducing any effects of plot relocation uncertainty. We used origi- Mont-Mégantic, all plots within the current park boundary were surveyed in 2012 (see Savage & Vellend, 2015) . Plot selection for our recent surveys followed several criteria: (a) plots occurred in forest, in broadleaved forests (Marcotte & Grandtner, 1974) . Among the 94 original plots, 48 were revisited within the current park limits at MontMégantic in 2012, with results reported in Savage and Vellend (2015) .
In Gatineau Park, surveys were conducted in 33 plots of 90 m 2 during the summer in 1973 (Chartrand, 1976) and 28 plots were resurveyed in summer 2016. We harmonized taxonomy across all three parks and two time periods (see below), so the Mont-Mégantic data are not precisely the same as reported in Savage and Vellend (2015) . The study design was perfectly balanced within parks for statistical analysis (i.e., there is the same number of plots between the original and recent surveys).
| Taxonomy
Our taxonomical (2015), and one for the recent Forillon and Gatineau surveys (A. BeckerScarpitta and assistants). Most plants were identified to the species level in the same way across surveys, such that the only harmonization step for these taxa was to standardize names, which may have changed over time. In many cases, however, coarser levels of taxonomic resolution (e.g., a pair of similar species not identified to the species level) were used in some but not all surveys, or the timing of different surveys created doubt about the likelihood of comparable detection abilities (e.g., for spring ephemeral plants) (see Appendix S2 for details on taxonomic standardization). In these cases, the coarser level of resolution was applied to all datasets, or species were removed to maximize comparability. We deposited all specimens identified at the species level in the Marie-Victorin herbarium (Institut de Recherche en Biologie Végétale, Université de Montréal, Canada) and all locations were entered into the GBIF database (GBIF-https://www.gbif.org).
| Community Temperature Index
A predicted response of communities to warming is a temporal increase in the CTI, which we calculated for all plots in each survey. CTI was calculated as the abundance-weighted average of the STI across all species in a given plot. The STI for a given species is the median of the long-term The STI of species i is weighted by the relative abundance (RA) of species i in plot j (RA = the species local abundance divided by the sum of all S species' abundances in that plot). Given some surprising results (a decrease over time of CTIw), we also explored analyses of the unweighted version: CTIuw (median STI across species with no weighting for abundance), thus focusing on which species were present in a given plot rather than their RAs.
Species Temperature Index values were calculated only for species identified at the species level and with more than 50 occurrences in the BIEN database (see Appendix S3-STI database). We chose a minimum of 50 occurrences as a balance between having sufficient data per species for estimates of STI and retaining as many species in the analysis as possible. Note that compared to Savage and Vellend (2015) we used improved climate data (ANUSPLIN instead of WORLDCLIM) and updated distribution data (BIEN instead of GBIF), thus leading to the potential for different results.
| Statistical analysis
All statistical analyses were performed in R v.3.4.2 (R Core Team 2017).
To test for upward elevational shifts in species distributions at Forillon and Mont-Mégantic, we selected species occurring in at least four plots per survey in a given park. For each species in each park we calculated the average abundance-weighted elevation across occurrences. We then conducted linear mixed effect models (LMM, function lmer, package 'lme4' v.1.1-14, Bates, Mächler, Bolker, & Walker, 2015) testing for a fixed effect of time period on abundance-weighted mean elevation, with species as a random effect to account for the paired sampling structure of the data (each species observed in each time period).
We first studied the relationship between α-diversity (species richness) and time using LMMs including time, elevation,
and the time × elevation interaction (if significant) as fixed effects, and plot ID as a random effect. Because Gatineau has a negligible elevation gradient, we used a model for this park with Temporal changes in the CTI were tested using LMMs for both weighted and unweighted versions of CTI (CTIw and CTIuw, respectively). Model structure was identical to the model for species richness. We included the interaction between time and elevation only if significant.
| RE SULTS
| Species elevational distributions
In Forillon, where there has been the least warming in recent decades, there was no significant temporal change, on average, in under- (Figure 2b ; see also Savage & Vellend, 2015) .
| Species richness
At Forillon, for plot-level species richness (α-diversity) we found no significant temporal change (Tables 1a and 2) , and the weak negative trend of richness with elevation was not significant (Figure 3d , Table 1a ). Across all plots we observed 18 fewer understory species in the recent survey (65 species) than in the original survey (83 species); 27 species present in original survey were not found in the recent one, while we found nine new species (Table 2) . It is important to note that these are not likely to be gains and losses to and from the entire park, but only to and from this set of semipermanent plots.
At Mont-Mégantic, richness declined significantly with elevation in both time periods (original: t = −6.97, p < 0.001; recent: t = −6.91, p < 0.001, Figure 3e and Table 1a ). Similar numbers of understory plant species overall were found in the recent and Linear relationships between species richness and elevation in the original and recent surveys at Forillon (n = 49*2 plots, no significant relationship for either original or recent surveys, see Table  1a ), and Mont-Mégantic (n = 48*2 plots, significant relationship for both original and recent surveys, see Table 1a ). The colored polygons around each regression line represent 95% confidence intervals. ***p < 0.001
Species richness
Species richness TA B L E 2 Temporal changes in total species numbers and plot-level species richness (α-diversity). The total number of species observed across all plots is broken down into those shared, lost, or gained between the original and recent surveys. For plot-level richness, means ± SE are reported. Values in bold are significant (p < 0.05, see Table 1a for statistical tests) F I G U R E 4 Non-metric multidimensional scaling (NMDS) ordination of understorey community composition of all plots from all parks together for both original and recent surveys; stress=0.96. Ellipses show 75% confidence limits for each time survey within each park. We used two dimensions and Bray-Curtis distances original surveys (92 and 87 species, respectively); eight species from the original survey were not found, while we recorded 13 new species in recent survey (Table 2) . Mont-Mégantic showed a significant increase over time in the plot-level richness of understory species (27% increase on average, see Figure 3b and Tables 1a and   2 ), and this increase was consistent across the elevational gradient (Figure 3e ).
Finally, in Gatineau Park, plot-level species richness increased significantly by an average of 38% (t = 4.14, p < 0.001, Figure 3c , Tables 1a and 2 ). Overall, we found 20 more species in the recent survey than in the original survey. Gatineau showed the largest studywide gain in species, with 32 new species observed in the recent survey and 12 species from the original survey not observed in recent one (Table 2 ).
| Understory community composition and heterogeneity
At none of the three sites was there significant temporal change in β-diversity (Table 3) . However, we observed highly significant shifts in understory community composition for all study sites (Table 3) . For Gatineau and Mont-Mégantic, the shifts are clearly visible in the NMDS run on all plots from all parks together ( Figure 4 ). The magnitude of the understory compositional shifts (R 2 ) increased from Forillon (5%) to Mont-Mégantic (8%) to Gatineau (10%) ( Table 3) . Appendix S5 reports the list of species frequencies.
| Community Temperature Indices
The only significant temporal change in CTI (CTIw, the weighted version) was found at Mont-Mégantic, and the change showed a decrease in CTIw over time, the opposite of the predicted direction ( Figure 5b ,e and Table 1b ). We detected no significant changes in CTIw in Forillon or Gatineau (Figure 5a ,d,c and Table 1b ). At Forillon, there was no significant relationship between CTIw and elevation for either the original or recent survey ( Figure 5d and Table 1b 
Many studies at single sites have revealed temporal changes in species distributions, community composition, or phenology that are consistent with predictions based on climate warming (Ash, Givnish, & Waller, 2017; Bernhardt-Römermann et al., 2015; Bertrand et al., 2011; Lenoir, Gégout, Pierrat, Bontemps, & Dhôte, 2009; Rogora et al., 2018; Sproull et al., 2015) . However, with observational data (i.e., most long-term studies) it is always difficult to rule out alternative causes of temporal community change, such that comparative multisite studies are needed to strengthen tests of the general hypothesis that biotic change over time has been influenced by climate warming . In this study, we have taken advantage of a natural gradient in the degree of climate warming and of a protected area network in eastern Canada, combining three resurvey efforts totaling >100 plots to test whether greater warming has led to more marked changes in species distributions and community properties. Results were mostly consistent with our predictions, with the magnitude of biotic changes (i.e., elevational distributions, species richness, composition) most often increasing from Forillon Park in eastern Québec, where the warming trend has been relatively weak, to
Mont-Mégantic where warming has been moderate, to Gatineau Park in western Québec where the warming trend has been the strongest. Results for CTI were difficult to interpret, as discussed further below.
| Species' elevational distributions
As predicted, species' mean elevations shifted significantly upward at Mont-Mégantic but not at Forillon. There is no elevational gradient in Gatineau Park. On average, species at Mont-Mégantic moved toward higher elevations, as predicted if species are at least partially spatially tracking their temperature optima in response to warming (Kelly & Goulden, 2008; Savage & Vellend, 2015; Sproull et al., 2015) . However, direct comparison among studies in different regions is complicated by different degrees of warming over the relevant time frames in different places. Moreover, there have been relatively few studies in North America, making our study not only a novel general contribution to global change biology but also a valuable regionalscale contribution to our knowledge of changes in species distributions along elevation gradients in eastern North America.
Although the gradients in Forillon and
| Species richness, composition, and heterogeneity
Since warm areas tend to have higher local plant diversity than cold areas, climate warming is predicted to increase local plant diversity in many regions . Consistent with our prediction, there was no significant temporal change in species richness over ~40 years at Forillon but significant increases were found at Mont-Mégantic and Gatineau. Some other studies in regions that have experienced warming have also found increases of local vascular plant diversity (Klanderud & Birks, 2003; Steinbauer et al., 2018; Stockli et al., 2012; Walther, Beißner, & Burga, 2005) , although temporal changes in species richness are highly variable (Vellend, Baeten, et al., 2013; Verheyen et al., 2012) .
We found significant temporal shifts in understory community composition in all three parks, consistent with many studies in the literature showing species turnover through time (Dornelas et al., 2014; Magurran et al., 2010; Shi et al., 2015) . Comparisons among parks were consistent with our predictions, with the magnitude of community shifts (R 2 ) following the gradient of warming: Forillon < Mont-Mégantic < Gatineau. However, we found no evidence of biotic homogenization, in contrast to many studies in literature (Jurasinski & Kreyling, 2007; Keith, Newton, Morecroft, Bealey, & Bullock, 2009; Zwiener, Lira-Noriega, Grady, Padial, & Vitule, 2018) . In fact, our earlier study of Mont Mégantic reported significant biotic homogenization (Savage & Vellend, 2015) , and the difference with the present study appears to be largely due to differences in data processing and analysis. The raw community data were slightly different given our taxonomic standardization across surveys in different parks and a few differences in which woody plants were considered part of the understory vs. canopy (e.g., Acer spicatum was included in the understory in the current study but not the earlier one). More importantly, Savage and Vellend (2015) first used a fourth-root transformation of abundance data prior to calculating Bray-Curtis differences (a recommendation in the PRIMER software; Anderson, Gorley, & Clarke, 2008) , whereas we saw no clear justification for this in the present study. Applying the same transformation to our data revealed significant biotic homogenization for Mont Mégantic, but not for the other two parks (results not shown).
This is of negligible consequence for the present study, given that we did not have strong a priori predictions concerning beta diversity, although it is clear that the earlier result of biotic homogenization was not robust to alternative methods of analysis.
All observational studies involve uncertainty in making inferences about the cause of changes over space or time. Among potentially confounding factors that can underlie temporal community changes, succession is of potentially high importance. However, our study was designed specifically to minimize strong successional dynamics. We resurveyed plots originally surveyed in mature stands that have maintained closed canopies throughout the period of study. Importantly, we have no reason to suspect that forest dynamics (driven by factors other than climate) varies among our three parks in a way that aligns with the gradient of climate warming. As such, the best supported hypothesis for explaining the temporal changes we observed along the east-west gradient is that climate warming is a key driver.
Resurvey studies also raise questions about the comparability of surveys in different years and in different parks . In this study, in order to minimize differences between the six surveys, we paid close attention to taxonomic homogenization, and we consulted with botanists active in the 1970s (e.g.,
Colette Ansseau, a collaborator of M. Grandtner's, and Z. Majcen) in order to reproduce the exact same field survey methods used in the original studies. One difference among parks we could not avoid was plot size, with smaller plots in Gatineau than in Forillon and
Mégantic. It is predicted that in small communities, the importance of drift (stochastic changes in abundance) in driving community dynamics should be relatively high (Ricklefs & Lovette, 1999; Vellend, 2016) . As such, all else being equal, one might have expected reduced detectability of deterministic community change over time in
Gatineau, yet we found the opposite: a stronger temporal increase in α-diversity and a stronger directional shift in composition. Thus, if anything, we may have underestimated the difference between Gatineau and the other parks.
| Community Temperature Indices
The results for CTIw diverged most strongly from our predictions.
Specifically, we failed to detect any temporal increase of CTIw in Gatineau, and contrary to our prediction, we found a significant decrease in CTIw for high-elevation plots at Mont-Mégantic (see Figure 5e and Table 1 ). This result suggests a "cooling" in terms of community affinities to temperature at high elevation, which has actually been previously observed in the European Alps (Roth, Plattner, & Amrhein, 2014) .
The fact that there was no such trend when using CTIuw indicates that changes in particular species' abundances drove the result for CTIw.
In particular, two of the most abundant species experienced Oxalis acetosella had a STI of 8.6°C. This species was often found at unusually high abundance in the original surveys at Mont-Mégantic, especially at high elevation (>800 m). On average, O. acetosella contributed ~74% to CTIw values for high-elevation plots in the original survey, while contributing only ~8% in the recent survey (see Appendix S7). Given abundance reductions at high elevation, the abundance-weighted elevation of this species declined more than any other, which represents an exception among the full set of species (O. acetosella is the rightmost point in Figure 2b ), but which has a major effect on CTIw values. In contrast, D. carthusiana (STI = 7.6°C)
was not particularly abundant at high elevation in the original surveys but became very abundant in the recent surveys. In other studies, CTI has been shown to increase as predicted by warming (Bowler et al., 2015; Devictor et al., 2008; Lindström, Green, Paulson, Smith, & Devictor, 2012) . In our study system, STIs and therefore CTIs come with considerable uncertainty.
In sum, we have provided empirical evidence of vegetation changes in eastern Canada that are largely consistent with the eastwest gradient in warming. Explicit comparisons of community change among regions with variable climatic histories appear to be a powerful method for increasing the confidence with which biotic trends can be attributed to climate warming. To date, the magnitude of vegetation changes has been modest relative to the magnitude of warming itself (Savage & Vellend, 2015) , and climatic variation within (e.g., elevation) and among (e.g., latitude) protected areas appears to provide suitable conditions for species with shifting distributions. Many unknowns remain, such as the functional attributes of "loser" and "winner" species, and the extent to which adaptive changes within species might also contribute to warming responses. Continuing to exploit historical data sources of all kinds can help advance global change science.
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